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ABSTRACT

Hydrogen fud cdl vehides are expected to come into
widespread use in the near future 1t is therefore important
to predict whether risks from hydrogen lesked caused by
acddant in sami-endosad area can be avoided.  In this
dudy, CFD dmulaion was caried out for hydrogen
leskage in typicd tunnds underground perking lat, and
muitigory parking garage Smulation soenaios were as
folows The hydrogen lek rate was chosen to be the
equivdent enagy of dlowable gadine fud legk in a
vehide cdllison ted, as presaribed in AMVSS30L The
ventilation rate was zgo for the case of tunnds and ar
exchange rae was zeo o ten times pa hour for
undeground parking lots The andyticd peiods were
thirty minutes for dl cases It can be sad that the area of
flammable mixture was limited that dose to the hydrogen
lesking vehide even when there was no ventilaion and
become smaller when the ventilation exigs The reaults
would therefore indicate thet safety was maintained in
cases of hydrogen leskage in the sami-end osad aress even
with exiging eguipment.

INTRODUCTION

Recent years have seen an advancein globa warming due
to cabon dioxide and othe emissons and vaious
aoproeches ae bang invedigaed to suppress these
emissons One gpproach is to promote to demnea
emissonsfrom automobiles, which usemainly foss| fuds
Anather gpproach isthe devd opment of fud odl vehides
which use hydrogen indead of fosdl fuds as an enagy
sourceFud cdl vehides have attracted much etention as
dean carswith no harmful emisson gases Today, various
public and private arganizationsare conducting driving

tests on public roads of fud odl vehides produced by
major automakersin each country, and callecting datatto be
usd in devdoping these vehides for the commerdd
maket. To promate the use of these vehides Japen is
today reviewing its rdevant laws and regudions Before
regulations can be revisad, however, it is necessary to
investigatethe safety of fud od| vehidesduring acddents

In the presmt dudy, tunnds, an underground parking lat,
and a multigay paking gaage wee chosn as
semi-endosed gpaces where fud cdl vehides would be
driven and dored. Sofely of hydrogen leskage in such
gaces was invedigaed. The purpoe of the presat
expaiment was to predid whethe lesking hydrogen
would pose adanger to the Hected fadlities Spedficaly,
we wanted to investigate the diffuson of lesking hydrogen
in sami-endosad spaces where it accumulaes in those
gaces, the behaviar in which it accumulates and the
region abovethelower flammablelimit.

SUBJECTSOFANALYSS

Tunnd

Two tunnd shapes were chosn for the present Sudy. To
dmulae a long tunnd we sHeded a aossstiond
configuraion with a 2% uniform risng and downing
longitudinad dope, and to Imulate an underwater tunnd
onewith a5% uniform trough longitudind dope  [1]. The
gpace for andyd's was limited to alength of 50 m. Tunnd
width was 10 m, and tunnd height was 7 m for the long
modd tunnd and 4.5 m for the underwater modd tunnd.
Bath modd tunnds were conddered to have one way
direction road with 2 lanes The hydrogen leskage was
from afud cdl vehidedriving in the tunnd, resulting from
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a odlison or other acddent. The lesk ooccurred in the
midde of the tunnd with the vehide sopped. The vehide
with the hydrogen lesk was in the passing lane, fdlowed
by 4 other vehides Thus theewasatatd of 5 vehidesin
the tunnd. This cdculation was done under a condition of
no ventilation. FHgure 1 shows a cosssedtion of the 2
modd tunnds
Andyssswere donefor thefdlowing 3 cases

CaseT-1: Long modd tunnd

Cax=T-2: Undarwater modd tunnd

CaseT-3: Long modd tunnd (length 200 m)
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Figurel Tunnd configuration.
Underground ParkingLat

A gaad Hf-parking underground parking lot [2] was
adopted asthe configuration for andyss One section from
among dl theareas of the parking lot wastaken asthearea
for andyds Thissection was onewith 9 vehideseach in 2
rows atotal floor areaof 480 n? and ventilation equipment.
This area was ubject to the requirement for underground
parking latswith afloor areaof gregter than 500 N’ to have
ar exdhange a leeg 10 timesh (Fre Defense Law
enactment arder).
The parking lat had ar dud to theroad, and was eouipped
with emissonsductsin the perking areas And the number
of ar exchanges pa hour was st at 0 timesh (asuming
equipment falure) and 10 timesh. The hydrogen-lesking
vehidewas|ocated in the middle of the9 vehides in ather
words some digance from the entrance and exit. Hgure 2
shows the arrangement of the vehides in the underground
parking lot.
Andyssswere donefor thefdlowing 3 cases

CaseU-1: Air exchange 10timesh

CaseU-2: Noair exchange

CaseU-3: Noair exchange (2 lesking venides)
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Figure2. Configuration of underground parkinglat.
Multigory Parking Garage

The configuration adopted for andyss was an devatar
parking tower [3], which are commaonly seen in Japen in
recent years (432 in opeardion in 2001). Thefrontage of the
parking garageis 6.5 m x 7.5 min depth x 30 min haght.
The garage holds 24 vehides (12 vehides x 2 rons).
Vehides enter and exit this parking garage through a
ground floor opening that dredtly faces the outdde
amogphae and thee is an emissons louver (ventilaion
hde) near the caling. The location of the vehide lesking
hydrogen was & as an andyds paamder, with the 2
locations of the lowet and the sscond from highest
podtions FHgure 3 showsthelocation of thevehidesinthe
muitigory parking garage.
Thefdlowing 3 casesswere Hected for andyss

CaseM-1: Lesking vehide on thelowest leved

Case M-2: Lesking vehide on the seoond from highest
levd

Case M-3: Lesking vehide on thelowest and the second
tohighest leves(2 lesking vehides)
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Figure 3. Sthematic representation of multigory
parking gar age.
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NUMERICAL SMULATIONMETHOD
Smulation Scenario

Thenumber of vehideslesking hydrogenwassg et 1 o 2
for the tunnd, underground parking lat, and multigary
paking gaage The vehides weae gven a liner
configuraion with dimendonsof 47mx 1.8 mx 1.7 m.
Thehydrogen legk raewas st a 133 L/min (20°C), which
isthe enegy equivdent of the dlowable gasdline lesk and
presribed in the "Fud system integrity” of U.S fedard
automobile sfety sandard FMVSS301 The hydrogen
lesk rate was conddered to be a congant flow during the
rdease paiod of 30 minutes within the given goace The
lesking portion of the vehide was the boundary surface
with a rate of 0887 m/s and the lesk direction was
harizontal from therear of thevehide Thelesk hdewasa
quarewith Sdesaf 0.05 m. Thehydrogen did not enter the

vehidepassenge compartment.

In an agud fud cdl vehide hydrogen gas lesking from
thefud sytemis sensad and thefud supply is cut off with
an intelodk or someathe device Thus, an adudl fud lesk
can be expected to continue only for severd minutes The
presat dmuldion is theefore for a gStuation more
dangerousthan an actud occurrence:

Calculation M odd

Cdauldions were done with the generd flow modding
gftware  program - STAR-CD, usng the folowing
cdculaion modd. The governing eguation for flow was
taken to be a 3dmendond nondeady Navie-Sokes
eguiation (continuous, mamentum; gravity was consdered),
and a pregvdion fomua wes gpplied to the
concentration Ste with hydrogen and air shown as mass
fracions The working fluids were dandard ar and
dandard hydrogen of 20 °C, in noncompressed flows The
tempaaure was condant. Table 1 shows the propaty
values usad. The turbulence modd and other factors used
inthecaculgtionswereasfdlons

Turbulence modd: Sandard k-¢ modd (high Reyndd's
number, combined with wall fundions)
Turbuenceintengty: 10% of mainflow at leskinghole
Turbuencelength scde 5% of lesking hdediameter
-Differendng scheme third order schame for convetion
tem (QUICK: Quadratic updream interpdation of
convettive kinemetics)

Turbulence Schmidt number; 0.9
-Timeintavd: 0.2 sc
-Solution method: PSSO (Pressure Implicit Solit Operatar)

Tablel
Praoperty values of hydrogen and air used
AIr Derslty 1204 [kgn]
Kinematicvisoosity 150E-06 [
Hydogen | Density 8382 [kgnt]
kinematic visoosity 106E-04 [
Mute diffusion coefficiert] 4] TTE iy

Mesh

Ungructured mesh (hexshedrd mesh) was usad for all
casss, and the mesh number was approximatdy 200,000
pointsin cases of tunnd and multistory parking garage, and
was goproximatdy 400,000 paints for the case of
underground perking lat. A haf-modd was usd for the
undaground paking lot because of its symmetricd
configuraion.

The meshes for the tunndl, underground parking lat, and
muitigory parking garage are shown in FHgs 4, 5, and 6,
respectivey.

Constant pressure boundary

Figure4. Tunne mesh (long mode tunnd)

Figure5. Under ground parkinglat mesh (half modd)
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Constant pressure boundary

Figure6. M ultigory parking garagemesh

RESULTSAND DISCUSSON

In dl cases the danges with time in hydrogen
concentration are shown in a represntative aross-sedtion
induding the hydrogen-esking vehide and S0 on. The
hydrogen concentration contour is shown in atotd of 14
colors agang a blue badkground. The region above lower
flammablelimit for hydrogenin ar (4 vdume %) isshown
inred.

Tunnd

Two regesataive aosssedtions  induding  the
hydrogen-lesking vehide for tunnd results are shown in
Hgure7.

‘4— Section B view
{ :E =1 =3
T E | | |

Section A view

Figure7. Crosssection showing tunnd results
(Section A: from 9de; Section B: fromrear).

Effects of cross-sectional configuration of tunnd

Hgure 8 shows the lesked hydrogen didribution within the
long modd tunnd smulation in Case T-1.

Hydrogen legking toward the rer fram the back of the
vehide has a much lower densty then air, 0 it
immediatdy flows upward. Afte the lesking hydrogen
rises and reaches the caling of the tunnd, it manly
digpersessin thelongitudind diredtion. At the point when it
reaches the cdling, the hydrogen concentration is dreedy

bdow the lower flammable limit. The region above the
lower flammable limit is regricted to a amdl area around
the source of the hydrogen lesk, up to a hdght of
aopraximatdy 3m.
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Figure 8. Hydrogen didribution in long mode tunnel
(Ieft: Section A; right, Section B).

Next, Fg. 9 shows the hydrogen digperson in Case T-2
dmulaing the undewate modd tunnd. In this case, the
uppa wal daope of tunnd is upward toward the tunnd
before and behind, so the time until the diluted hydrogen
reaches the tunnd end is sharter than in Case T-1. Thisis
because the buoyant force of the hydrogen ads in the
direction of essy diffuson. After the diluted hydrogen
reaches the tunnd end, the hydrogen oconcentraion
didribution remains unchanged and condant. Jug as with
the long modd tunnd, the region above the lower
flammable limit is resrided to a amdl area do=e to the
hydrogen lesk.
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Figure 9. Hydrogen digribution in underwater model
tunnd (left: Section A; right, Section B)

Influence of tunnd length

To invedtigate the influence of tunnd length for the long
modd tunnd, cdculaions were made for alength of 200
m (Case T-3). The mesh number was appraximatdy
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300,000 paints Thereaults are shown in FHg. 10. Because
of the long tunnd length, the height of the exits & ather
end of the tunnd is sharter then in Case U-1, and athick
layer of diluted hydrogen accumulates a thetunnd calling.
However, as in Case U-1 the region aove the lower
flanmable limit is redricted to a and| area immediady
next tothe hydrogen lesk.
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Figure 10. Hydrogen didribution in long mode tunnel
with length of 200 m (50 m section is magnified and
shown; left: Section A; right, Section B).

Longer tunnd length is conddaed to mare dosdy
ressmble exiding tunnds and therewas a greater tendency
for accumulation with atunnd length of 200 m. However,
in the case of hydrogen lesks bdow the dlowable levd in
colligons it may be passible to enough confirm the effects
dueto differencesin tunnd aross-sectiond shape even with
atunnd length of 50m.

Underground ParkingLat

Two represantative aross-sections for underground perking
lot resultsare shoan in Hgure 11. Theseare aross sections
induding the hydrogenegking vehide, and near the
caling.

Section B view

,,,,, l |

O = [

L |
Section A view

Figure11. Crosssection showing under ground parking
lot  reults (left: cross  sction  induding
hydrogen-lesking vehicle from sde (Section A); right:
near calingat 35 m from above (Section B)).

Effectsof air exchanges

Hraly, the hydrogen concantration didribution when there
isar exchange (Case U-1) isshownin Hg. 12. Theflow of
hydrogen lesking backward from therear of the vehideis
deflected upward immediatdy Snce hydrogen has amuch
lover dendty than ar, and rises to the caling where it
gradudly diffusesin aradid pattern. Thelesking hydrogen
maintainsa conoentration above the lower flammable limit
until it reaches the cdling & a hdght of 35 m, where it
diffuses and becomes diluted to bdow the lower
flanmable limit. A portion of the diffused hydrogen is
patly drawn into the emissons duct, 0 dmog none of
region of diluted hydrogen (0.3 voume2e: gray) reaches
the vehide entrance and exit. Moreover, the hydrogen that
flowsinto theemissonsdud isbd ow thelower flammadle
limit. The hydrogen flowing out through the perking lat
emissons dud is propationd to thet lesking from the
vehide and it takes about 900 sec to reach a Seady date
Theregion abovethelower flanmablelimit isresricted to
agmd| aeadiredly behind thehydrogen lesk.
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Figure 12. Hydrogen didribution in underground
parkinglat (Case U-1; Ieft: Setion A; right, Section B).

Next, Hgure 13 shows the hydrogen oconcentraion
digribution when thereisno ar exchange (Case U-2). The
flow of hydrogen lesking backward from the rear of the
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vehideisimmediatdy deflected upward because of itslow
dengty. It rises to the cdling and gradudly diffuses in a
radiad pattern after domy cdliding with the wall. That is
the same as Case U-1. Theregion of diluted hydrogen (0.3
volume %) reaches the parking I ot entrance and exit about
120 s (2 min) after the Sart of thelesk. Theflow out from
the parking lot entrance and exit is propartiond to the
hydrogen lesk from the vehide, and hydrogen digtribution
condition in area is reached in a Seady date after about
1200 s Even with no vetilaion, the region above the
lover flammable limit is redrided to a smdl aea
immediatey next to the hydrogen lesk.
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After 1800 s=¢
Figure 13. Hydrogen didribution of underground
parkinglat (Case U-2; Ieft: Setion A; right, Section B)

Hgure 15 shows the changes with time of hydrogen
concentration indde the parking lat at verious paints from
the reaults of Cases U-1 and U-2. Measuraments were
taken a 3 paints just bdow the caling: directly above the
lesking vehide on the oppodte Sde from the lesking
vehide and a the entrance and exit on the vehide dde
Thehydrogen concentration waslower a dl 3 paintsin the
dmulaion with ar exchange then in tha without ar
exchange The hydrogen conoantration at the entrance and
exit was decreased from about 1.4 % to below 0.05%. The
hydrogen concantration direcly above the hydrogen
lesking vehide decreasad from 4 volume % to bdow the

flammablelimit.
Point B
(e}
Point A Point C
Point A Point B Point C © =4
= = = 7

Hydrogen leaking vehicle

Figure 14. Data cdlection pants on cdling in
underground parking lot  (A: directly above
hydrogen-lesking vehide B: vehicle lane (ssme Sdeas
hydrogen-lesking vehide); C: oppodte from
hydr ogen-leaking vehide).

@ Just_above: U-2 ® Oppsite: U-2 O Vehiclelane: U-2

0.05 = Jsut_above: U-1 = Opposite: U-1

=Vehiclelane: U-1 |

Hydrogen concentrasion
(volumeratio) (-)

0 500 1000 1500 2000
Time after start of leak( sec)

Figure 15. Changes with time in hydrogen
concentration at each point on cdling in underground
parkinglat (CasesU-1and U-2)

Influenceof number of leaking vehide (1 or 2)

Hgure 16 shows reaults of the hydrogen concentration
digribution with 2 lesking vehides under no ar exchange
condition. The region of diluted hydrogen concentration
near the caling is a little thicker because the number of
lesking vehides was inceasad from 1 to 2. However, the
regon of hydrogen above lower flammable limit is
redricted to around the hydrogen lesks and a very small
areaon the cdling above thehydrogen legks
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Figure 16. Hydrogen didribution in underground
parkinglat (Case U-3; Ieft: Setion A; right, Section B).

Multigory Parking Garage

Hgure 17 shows the cosssetiond podtions from the
resuitsfor themultistary parking garage

C Section view

I B Section view

| A Section view
—_—

Figure 17. Cross sttion showing results for multigory
parking garage (A: cross sation induding rear edge of
pallet; B: cross sction induding hydrogen-lesking
vehide C: cross sdtion of center gpace in vehicle
arrangement).

I nfluence of leaking postion

Hraly, arepresmtative hydrogen concentration digtribution
when the lesk is from a vehide on the lowest levd is
shown in FHg. 18. Theflow of hydrogen lesking backward
from the rear of the vehide dhifts immediady upward
because of itslow dendty, then risesand gradudly cdllides
with pdlets ar ather srudtures and diffuses The lesking
hydrogen isabove the lower flammablelimit in arange as
high as the pdlet, but afterward the concentration thins
The region of diluted hydrogen (0.3 voume %: gray)
reaches the emissons louver about 480 sec (8 min) after
the dart of the lesk. The hydrogen floning out from the
emissons louver is propartiond to that lesking from the
vehide and a deady dateis reached in about 900 s=c (15
min). The region above the lower flanmade limit is
redricted to asmdl areaimmediatdy behind the hydrogen
lesk, and to a haght of about the digance to the pdlet
above
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After 1420 ¢
Figure 18.  Hydrogen didribution in multigory
parking garage (Caze M-1; left: Section A, center:
Sation B, right: Section C).
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Sacondly, the hydrogen conoentration didribution in the
case when the lesk is from a vehide on the second to
highegt levd is shown in FHg. 19. The flow of hydrogen
lesking backward from the rer of the vehide is
immediatdy deflected upward because of itslow dengty. It
risssand gradudlly cdlideswiththe pallet or ather Srudure
above and digperses Thisisthe sameasin CaseM-1. The
region of diluted hydrogen (0.3 volume %: gray) reaches
the emissons louver about 60 sec (1 min) after the Sart of
the leek. The hydrogen floning out from the emissons
louver ispropartiond to that lesking from the vehide, and
a deady dde is reached in about 600 sec (10 min). The
region above the lower flanmable limit is redricted as
sameasCaeM-1
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After 20c

|

After 300

After 600 sc
Figure 19.  Hydrogen didribution in multigory

parking garage (Case M-2; left: Section A; center,
Sadtion B, right, Setion C).

Next, the changes with time in the hydrogen concentration
at the uppe edge of the emissons vent and & the center of

the cdling are shown for Case M-1 and Case M-2 in Hg.
20. The reaults show that when the hydrogen lesk was
from the lowest levd the hydrogen concantration & the
both the cdling and emissons vat was bdow 1 %, and
even when the lesk was from the vehide on the second to
highest levd the concentration waslower than 2 %.

O Celling_Center:M-1
Upper part of emissionslouver: M-1

0.02 = Ceiling_Center: M-2

= Upper part of emissionslouver: M-2

Hydrogen concentration
(Volumeratio) ( - )
o
=4

0 500 1000 1500 2000
Time after start of leak( sec)

Figure 20. Changes with time in hydrogen
concentration at codling and emissons vent in
multigory parking gar age (CasesM -1 and M-2)

I nfluence of number of leaking vehide

Hgure 21 shows the hydrogen concentration digtribution
when thereisalesk from both the vehide on the second to
top levd and tha on the battom leve (Case M-3). A amdl
difference was sam in the diluted hydrogen concentration
in the ssction above the highest vehide pdle between
Cae M-3 and Case M-2. The diluted hydrogen in Case
M-2 was grdified, whareasin Case M-3 thelesk from the
vehide on the bottom levd gave rise to dight turbulence
owing to the gatle flow of dilute hydrogen within the
paking garage However, even in this cae the region
abovethelower flammablelimit wasredtricted to the gpace
between thelesking vehideand the pall et judt aboveit.

From the above it thought that when predicting the
diffuson of diluted hydrogen within a multigtary parking
garage the hydrogen diffuson folowing a lesk can be
enough undersood from a Smuldion of a hydrogen lesk
from 1 vehideasaparameer of lek pogtion.
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Figure 2. Hydrogen didribution in multigory
parking garage (Case M-3; left: Section A; center,
Sadtion B, right, Section C).

CONCLUSONS

Continuous hydrogen lesks from 1 o 2 hydrogen fud
vehides in large semi-endosed spaces are nat necessaily
dangerausif they area thedlowablelevd for fud lesksin
colligons This is because the hydrogen above the lower
flammablelimit isjust oneredricted area

The phenomena on lesked hydrogen diffuson in each of
the sami-end osad gpaces may be summerized asfollows.

Tunnd

In along tunnd with arisng and doaning dope, hydrogen
accumulaes & bdow the lower flammable limit dong the
tunnd cdling, but in an undawae tunnd there is no
accumulation even at thetunnd calling. Thisis becausethe
tunnd longitudind dope risss toward the tunnd end,
promating thediffuson of hydrogen.

Underground ParkingLat

When air exchange occursaregulated number of times, the
lesked hydrogen is diminated through the emissons vent.
The hydrogen concentretion flowing into the emissons
vent isareedy b ow thelower flammablelimit.

When there is no vertilation, hydrogen bdow the lower
flammable limit goreads throughout the parking garage
according tothe shape of thecdiling.

Multigory Parking Garage

Thelesked hydrogen soon diffuses to the pdlet just above
the vehide a levds above the lower flammeabde limit, but
aftaward fdlshbd ow the combudtion limit.

When the legk is from the bottom leved, diluted hydrogen
bdow the lower flammable limit isfilled in dmaost part of

theparking garage

Even when thelesk isfrom the sscond to highest levd, the
hydrogen that accumulatesat the calling is b ow the lower
flanmable limit. This is because parking garages are
equipped with emissonsventsat thetop.
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